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Abstract 
The repair of articular cartilage typically involves the repair of cartilage-subchondral bone tissue 
defects. Although various bioactive materials have been used to repair bone defects, how these 
bioactive materials in subchondral bone defects influence the repair of autologous cartilage 
transplant remains unclear. The aim of this study was to investigate the effects of different 
subchondral biomaterial scaffolds on the repair of autologous cartilage transplant in a sheep 
model. Cylindrical cartilage-subchondral bone defects were created in the right femoral knee 
joint of each sheep. The subchondral bone defects were implanted with hydroxyapatite-β-
tricalcium phosphate (HA-TCP), poly lactic-glycolic acid (PLGA)-HA-TCP dual-layered 
composite scaffolds (PLGA/HA-TCP scaffolds), or autologous bone chips. The autologous 
cartilage layer was placed on top of the subchondral materials. After three months, the effect of 
different subchondral scaffolds on the repair of autologous cartilage transplant was 
systematically studied by investigating the mechanical strength, structural integration and 
histological responses. The results showed that the transplanted cartilage layer supported by HA-
TCP scaffolds had better structural integration and higher mechanical strength than that 
supported by PLGA/HA-TCP scaffolds. Furthermore, HA-TCP supported cartilage showed 
higher expression of acid mucosubstances and glycol-amino-glycan (GAG) contents than that 
supported by PLGA/HA-TCP scaffolds. Our results suggested that the physicochemical 
properties, including the inherent mechanical strength and material chemistry of the scaffolds, 
play important roles in influencing the repair of autologous cartilage transplants. The study may 
provide useful information for the design and selection of proper subchondral biomaterials to 
support the repair of both subchondral bone and cartilage defects. 
Key words: HA-TCP, PLGA, cartilage, bone defect, scaffolds 
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INTRODUCTION 
The treatment of cartilage defects represents a significant challenge for clinicians and biomedical 
engineers since cartilage is typically an avascular tissue with limited capacity for self-repair and 
regeneration [1]. Articular cartilage covers the head of joints and tends to be under constant and 
high-impact mechanical stresses. Due to these factors, it would be very difficult for articular 
cartilage defect to heal through self-tissue regeneration. To solve this issue, many new 
technologies, such as cartilage tissue engineering, growth-factor delivery and stem cell therapy, 
have been studied and applied for the repair of articular cartilage defects [2-4], in which 
autologous cartilage transplantation is one of the most promising treatment options.  Another 
pivotal issue for articular cartilage defects pertains to subchondral bone defects or lesions, which 
are usually associated with articular cartilage defects and must be addressed in order to maintain 
the health of cartilage. Therefore, the repair of articular cartilage defects typically involves the 
repair of cartilage-subchondral bone tissue defect complexes [5]. 
A number of different biomaterials, such as autologous bone chips, bioceramics, and polymers 
have been used to fill the subchondral bone defects in order to support cartilage repair and 
healing [6-13], in which Ca-P-based HA-TCP ceramic and PLGA polymer are two of most 
typical biomaterials for bone/cartilage tissue engineering. Although there are many studies 
showing that HA-TCP has excellent osteoconductivity and PLGA has generally good bio-
compatibility, there are few studies investigating how or if HA-TCP and PLGA scaffolds, as the 
subchondral bone substitutes, influence the healing of the autologous cartilage transplants. It is 
known that the physicochemistry of bioactive scaffolds can influence the repair of bone and 
cartilage [14-18]. For this reason, it would be of great importance to investigate how the two 
typical scaffold materials, i.e. HA-TCP and PLGA, influence the healing of the autologous 
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cartilage transplant and subchondral bone defects. Therefore, the principal aim of this study was 
to investigate the effect of subchondral bone biomaterials on the healing of the autologous 
cartilage transplants in a large animal model. For this aim, HA-TCP and PLGA/HA-TCP 
scaffolds were prepared and their effects on the morphological, mechanical and physiological 
status of the autologous cartilage transplants were studied.  
 
MATERIALS AND METHODS 
 
Preparation and characterization of HA-TCP and PLGA/HA-TCP scaffolds 
HA-TCP scaffolds were prepared according to our previous publication [19]. Briefly, HA and 
TCP powders were synthesized respectively by chemical precipitation method [20] by using 
Ca(NO3)2·4H2O and (NH4)2HPO4 (Sigma-Aldrich, Australia). Then, HA and TCP powders were 
mixed (30%:70% [w/w]) to form a ceramic slurry. The polyurethane foams were coated with the 
slurry, followed by drying, and then sintered at 1250ºC for 2 h.  
Pure PLGA scaffolds were prepared by a salt-leaching method [21]. Briefly, PLGA particles 
(Sigma) were dissolved in dioxane to form a 10% (w/v) solution. Salt particles (200 – 400 µm) 
were mixed with the polymer solution, followed by casting in a mold. Pore interconnectivity was 
increased by centrifugation of the polymer-salt cast at 1,000 rpm for 60 s. The bi-layered 
PLGA/HA-TCP scaffolds were prepared by attaching the PLGA/salt compact to the HA-TCP 
composite scaffold. Part of PLGA/salt mixture entered into the HA-TCP scaffold and bonded to 
each other. After being frozen at -20ºC and freeze-dried at -80ºC for 2 days, the obtained biphasic 
materials were soaked in water for 2 days to dissolve salts by changing solution every 5 h. After 
drying, biphasic scaffolds composed of top layer (PLGA scaffolds) and bottom layer (HA-TCP) 
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were obtained. The microstructure of HA-TCP and PLGA/HA-TCP scaffolds were examined by 
scanning electron microscopy (SEM, FEI Company, USA). The compressive strength of the 
obtained scaffolds was tested using a computer-controlled universal testing machine (Instron Pty 
Ltd, Bayswater, Australia) at a crosshead speed of 0.5 mm/min. The porosity of the obtained 
scaffolds was tested according to the Archimedes’s Principle described by Yang [22]. 
 
Sheep knee surgery and autologous articular cartilage transplantation 
Five sheep were used in this study, which was approved by the animal ethics committee of 
Queensland University of Technology. Three cylindrical defects with a size of Ø 6×6mm were 
made in the right knee of each sheep by removing the integrated cartilage-subchondral bone 
tissue using a trephine drill attached to a dental drilling piece. The subchondral bone part of the 
defects were randomly filled with HA-TCP scaffolds, PLGA/HA-TCP dual-layered scaffolds or 
autologous iliac trabecular bone chips harvested from the same sheep (Fig.1 B). The cartilage 
layer was dissected from the excised cartilage-subchondral bone tissues (Fig.1 A), and then 
placed back on top of the subchondral bone filling materials in the defects and fastened with 
fibrin gel (Fig.1 C).  The sheep were sacrificed three months after the implantation and the defect 
areas harvested and fixed in a 4% paraformaldehyde (PFA, Sigma) solution for 24 h at room 
temperature.  
 
General observation, Micro-CT scanning and SEM 
The surface appearance of the harvested cartilage transplants was observed with a digital camera. 
Subchondral bone changes were examined by a micro-CT scanner (CT40, SCANCO Medical 
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AG, Brüttisellen, Switzerland).  The scanned images from each sample were assembled into a 3 
dimensional (3D) image using the proprietary software package of the micro-CT machine. After 
the micro-CT scans, each sample was cut into halves longitudinally and the cross-sections 
examined under a stereomicroscope and also by SEM.   
 
Mechanical indentation test of the harvested tissue samples 
The mechanical properties of the autologous cartilage transplants and native cartilage close to the 
transplants were evaluated using an Ø 0.6 mm indenter on a micro-indentation testing machine 
(Instron). The mechanical properties of the subchondral bone defect filling materials (HA-TCP, 
PLGA/HA-TCP and autologous bone chips) were also assessed on the cross sections of 
harvested samples using an Ø 3 mm indenter and compared with the surrounding native bone. 
The central area of the autologous cartilage transplants and subchondral bone defect filled with 
materials was tested, while the test points for the native cartilage and bone were randomly 
selected within the range of 2 to 3 mm from the defect. The indentation direction was 
perpendicular to the test surface and started with an even speed from touching the surface to 
reaching a fixed 0.3 mm depth within 90 seconds. The force readings (N) during the indentation 
were recorded. The mechanical stiffness was calculated according to the Hooke’s law. 
Specifically, a linear elastic segment of the load (N)-penetration depth (mm) curve was used to 
calculate the compressive stress. The stiffness of the cartilage transplants or bone defect filled 
with scaffolds were normalized against the stiffness of native cartilage or bone as a relative 
stiffness (%) and a comparison was made between the different groups.  
 
Histology and immunohistochemical staining 
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All the samples were decalcified in 10% EDTA solution at room temperature for 2 months, and 
then embedded in paraffin blocks. Serial longitudinal slices (5 µm thick) were cut from the 
samples and the slices close to the centre of implants were used for histological staining. Briefly, 
for haematoxylin and eosin (H&E) staining, the slices were firstly de-waxed in xylene, and re-
hydrate in 100-70% alcohol and distilled water. Then the slices were stained with Mayer’s 
haematoxylin (HD Scientific Pty Ltd., Kings Park, NSW, Australia) to show the cell nuclei. 
After dehydration in 70-100% alcohol, eosin (HD Scientific Pty Ltd.) was added onto the slices 
to stain the cell plasma and extracellular matrix.  
Cartilage was stained with alcian blue by first de-waxing and re-hydrating and the slices were 
treated with 3% glacial acetic acid for 3 min and stained with alcian blue (Fronine Laboratory 
Supplies, Thermo Fisher Scientific, USA) for 1hr. After a brief wash in distilled water, the cell 
nuclei were stained with nuclear fast red (Lomb Scientific Pty Ltd., Australia). For safranin O 
staining of the cartilage, the de-waxed slices were first stained with Weigert’s iron hematoxylin 
(Sigma) for 10 min and washed in running tap water for 10 min. Then the slices were stained 
with fast green (Sigma) for 5 min. After a brief wash in 1% acetic acid solution, the slices were 
stained with 0.1% safranin O solution (Sigma) for 5 min before the dehydration and sealing. For 
immunohistochemical staining, endogenous peroxidase activity was quenched by incubating the 
sample slices with 3% H2O2 for 20 min then blocked with 10% swine serum for 1 hour.  The 
samples were incubated overnight at 4oC with the vascular endothelium growth factor (VEGF) 
primary antibody (1:200, rabbit anti-human, Thermo Fisher Scientific, Fremont, CA, USA) or 
alkaline phosphatase (ALP) antibody (1:300, mouse anti-human, Sigma-Aldrich, Australia). The 
slides were incubated, at room temperature, with a biotinylated anti-mouse or anti-rabbit 
secondary antibody (1:100, Santa Cruz Biotechnology Inc., USA) for 15 min, and then with 
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horseradish perioxidase-conjugated avidin-biotin complex (DAKO, CA, USA) for another 15 
min. The antibody complexes were visualized by the addition of a buffered diaminobenzidine 
substrate for 4 min.   
Statistical analysis 
Data were subjected to one way-analysis of variance (ANOVA) and Student-Newman-Keuls 
(SNK) tests for group difference and the significant difference was considered at p<0.05. 
 
RESULTS 
Characterization of HA-TCP and PLGA/HA-TCP scaffolds 
The overview images of HA-TCP and PLGA/HA-TCP scaffolds are shown in Fig. 2. It is 
obvious to see that PLGA/HA-TCP scaffolds are composed of two layers. The top layer is 
porous PLGA scaffolds and the bottom layer is HA-TCP scaffolds (Fig. 2C). SEM images 
showed that the pore size of the HA-TCP scaffolds was around 500 m (Fig. 2B) and the pore 
size for the PLGA layer on the top of PLGA/HA-TCP scaffolds was around 400 m (Fig. 2D).  
Both HA-TCP and PLGA scaffolds showed a similar porosity of 80%. The compressive strength 
of HA-TCP and PLGA scaffolds was 70±10 and 20±5kPa, respectively.  
 
Examination of gross structural features 
Macroscopic examination of the harvested samples revealed that the cartilage transplants on top 
of PLGA layer had either collapsed or receded below the surrounding native cartilage surface 
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(Fig. 3A), whereas cartilage transplants supported by the HA-TCP scaffold or autologous bone 
chips had maintained their original surface positions, forming a smooth interface with the 
surrounding native cartilage (Fig. 3E&I). The longitudinal cross sections showed the cartilage 
transplants on the HA-TCP scaffold or autologous bone chips were thick and smooth, whereas 
the transplants on PLGA/HA-TCP scaffolds showed a thinner and rougher appearance 
(Fig.3B,F&J). Micro-CT and SEM scanning further showed no evidence of de novo bone 
formation in the PLGA layer of the PLGA/HA-TCP dual layered scaffold (Fig. 3C&D); however, 
in the HA-TCP scaffold, the pores were filled with de novo bone tissues (Fig.3G&H). In the 
autologous bone chip group, the transplanted bone had integrated with the surrounding native 
bone forming very dense bone structures within the subchondral defect area (Fig.3K&L). 
 
Mechanical strength for the cartilage tissues and subchontral bone implants 
Mechanical indentation tests of the cartilage transplants and surrounding native cartilage 
revealed that the mechanical stiffness of the cartilage transplants on the HA-TCP scaffolds or 
autologous bone chips was more close to that of the native cartilage than the stiffness of the 
transplants on the PLGA layer (Fig.4, p<0.05). Although all the cartilage transplants had lower 
stiffness than native cartilage, the relative stiffness of the cartilage transplants on the HA-TCP 
scaffold or autologous bone chips was higher than the transplant on PLGA/HA-TCP scaffolds 
(Fig.4, p<0.05). 
Mechanical indentation testing of the subchondral defect area and the surrounding native bone 
revealed that the PLGA/HA-TCP scaffolds had very low mechanical stiffness compared to the 
surrounding native bone. Subchondral defect areas filled with HA-TCP scaffolds or autologous 
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bone chips had considerably higher mechanical stiffness compared with the PLGA/HA-TCP 
scaffolds (Fig.5; p<0.05). However  autologous bone implants showed higher stiffness than the 
HA-TCP implants (Fig.5; p<0.05). The stiffness of defect areas filled with autologous bone chips 
was even higher than the native bone in some cases (Fig.5).   
 
H&E staining 
H&E staining of sample slices showed that the cartilage transplants, supported by the PLGA 
layer, were thinner and showed more deteriorated cellular structures of the cartilage than those 
on the HA-TCP scaffold or the autologous bone chips (Fig. 6A).  There were no new bone 
tissues within the PLGA layer (Fig.6A&C), while notable new bone tissues were found growing 
into the pores of HA-TCP scaffolds (Fig.6F). In the defect filled with autologous bone chips, a 
dense trabecular bone structure had formed which was smoothly integrated with the surrounding 
native bone (Fig.6I). In all treatment groups fibrous tissues were found at the junction between 
the cartilage transplant and the native cartilage, and no evidence of new cartilage tissues bridging 
the gap (arrows in Fig.6B,E&H). 
 
Alcian blue, Safranin O and immunohistochemical staining 
Alcian blue and Safranin O staining revealed that chondrocytes within the cartilage supported by 
the PLGA synthesized less acid mucosubstances (Fig.7A) and glycol-amino-glycan (GAG) 
(Fig.7D) than those within the cartilage supported by HA-TCP scaffolds (Fig.7B&E) or 
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autologous bone chips (Fig.7C&F). Despite this, the Safranin O staining of cartilage supported 
by HA-TCP scaffold seemed also weaker than the cartilage on top of autologous bone chips. 
Immunohistochemical staining showed that some chondrocytes in the PLGA supported cartilage 
expressed VEGF (Fig.8A) and ALP (Fig.8D), but this was not found in the HA-TCP scaffold 
(Fig.8B&E) or autologous bone chip supported cartilage (Fig.8C&F).  
 
DISCUSSION 
Healthy cartilage tissues are avascular, synthesize GAG, and possess both appropriate elasticity 
and mechanical strength [23]. However, these tissues have very limited capacity for self 
regeneration and healing in response to defects caused by trauma or lesions, despite many tissue 
engineering methods have been explored for the repair of cartilage defects [24-26]. Furthermore, 
the repair of articular cartilage always involves the repair of subchondral bone defects by using 
bioactive materials. To our best knowledge, there is no report about how the biomaterial 
scaffolds for subchondral bone defects influence the repair of autologous articular cartilage 
transplants. Therefore, in this study, we, for the first time, compared the effect of two typical 
ceramic and polymer scaffolds on the repair of autologous articular cartilage transplants in a 
large animal model. Our study showed that Ca-P based HA-TCP ceramic scaffolds could support 
and maintain the health status of the transplanted cartilage like the autologous bone chips, while 
the PLGA scaffolds induced deteriorating changes in the transplanted cartilage.  
One important aspect for bioactive scaffolds is their mechanical properties, including stiffness 
and compressive strength. Mechanical properties of biomaterials will play an important role in 
influencing cartilage repair. Cartilage, especially articular cartilage, is constantly subjected to 
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mechanical stresses which is of great importance for its physiological development, metabolism 
and function [27-31]. Under normal circumstances, the articular cartilage is supported by 
subchondral bone tissues which help withstand and balance various mechanical stimulations. 
When cartilage-subchondral bone defects occur, the support from the subchondral bone will be 
compromised. With the advances in biomaterials and tissue engineering techniques, new 
materials (particularly the polymers and ceramics) with different mechanical and biological 
features, have been used to repair bone defects and support cartilage tissues [9,32-35]. It remains 
to be clarified if or how these materials influence the healing of articular cartilage defects when 
used in cartilage-subchondral bone defects to help re-build the subchondral environment 
biologically and mechanically. In this study, two most often used biomaterials, PLGA and HA-
TCP, were prepared as porous scaffolds for testing in a sheep knee cartilage-subchondral bone 
defect model. We found that the scaffolds with the mechanical strength similar to native 
subchondral bone showed better ability to maintain the morphological, mechanical and 
physiological status of autologous cartilage transplants. The materials with higher mechanical 
strength (HA-TCP and bone chips) could support the cartilage layer better and help restoring a 
local balanced mechanical environment, whereas soft materials, such as the PLGA sponge, led to 
a complete collapse and degeneration of the cartilage layer, which was further indicated by the 
down-regulated acid mucosubstances and GAG expressions, but increased VEGF and ALP 
expressions. The increased VEGF/ALP expression may indicate the trend towards 
vascularization and bone formation inside the transplanted cartilage. This is a typical sign of 
cartilage degeneration often seen in osteoarthritis, in which the affected cartilage always turns 
into dense bone tissues [36,37]. Our results indicated that the mechanical properties of materials 
could affect the health status and repair of autologous cartilage transplants.  
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Furthermore, the material chemistry of HA-TCP and PLGA could also influence the repair of 
autologous cartilage [38,39]. It is known that although HA-TCP and PLGA are FDA-approved 
biomaterials and have been widely used for tissue engineering as the typical bioceramics and 
polymers, their chemical composition and degradation products are significantly different. The 
release of acidic degradation by-products from PLGA could lead to a decreased pH value in the 
vicinity of the implants which may lead to inflammatory response [15,40,41]. However, Ca-P 
based HA-TCP materials will not induce an obvious pH decrease in a biological environment. 
Therefore, in the present study it could be speculated that the acidic degradation by-products 
from PLGA may be the other important factor to compromise the repair of autologous cartilage 
transplants. 
It is also known that the normal function of articular cartilage depends on the interaction and 
inter-communication between the cartilage and subchondral bone tissue [42-44]. Normal 
subchondral bone is crucial for the health of the overlaying cartilage [43]. The inherent 
osteoconductivity of the subchondral bone substitute materials is therefore vital for the cartilage 
defect healing. In this study, the HA-TCP scaffolds strongly promoted growth of new bone 
tissues into the scaffolds, and were in direct contact with the cartilage layer. Autologous bone 
chips completely integrated with the surrounding host bones, leading to dense new trabecular 
bone networks with high mechanical stiffness. However, in PLGA layer samples, no obvious 
bone formation was observed. The apparent difference in osteoconductivity of the materials 
might influence the health status of the overlaying cartilage transplant. The emergence of healthy 
new bone tissue in the subchondral area may prevent cartilage degeneration and subsequent 
hypertrophy of the cartilage cells.  
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Another phenomenon which needs to be pointed out in this study is that despite the comparable 
results in cartilage stiffness, alcian blue staining and VEGF/ALP expressions, there are still 
differences between the HA-TCP and autologous bone implant group, i.e. the relatively lower 
subchondral area stiffness and weaker Safranin O staining in HA-TCP group. This phenomenon 
could be attributed to their difference in the characteristics of in vivo bioactivity and chemistry 
between HA-TCP and natural bone tissues. HA-TCP takes long time to be biodegraded and 
contains no bio-active growth factors or molecules, which could hamper the bio-communication 
and bio-integration between the new bone tissues and native bone or cartilage [45]. On the other 
hand, the incomplete integration of subchondral new bone with native bone could also decrease 
the subchondral mechanical stiffness, which would compromise the health status of the cartilage 
transplant when compared with autologous bone implant. In contrast, autologous bone implants 
can integrate with native bone in no time and form a new subchondral bone network with 
optimal mechanical strength to support the transplanted cartilage. Bio-degradable materials 
which could mimic both mechanical and biological features of natural subchondral bone should 
be developed to benefit the healing of articular cartilage-subchondral bone defects. Further 
studies on the different bone-related gene and molecule expressions in the defect area after 
implanted with HA-TCP or autologous bone will be conducted to fully understand the 
mechanisms behind these differences.  
CONCLUSIONS 
HA-TCP scaffolds, as well as autologous bone chips, showed better ability to support the repair 
of autologous cartilage transplants, when compared to PLGA/HA-TCP scaffolds. The 
mechanical properties and material chemistry of biomaterial scaffolds may be two main potential 
factors to influence the morphological, mechanical and physiological status of autologous 
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cartilage transplants.  Our study indicated that a proper biomaterial is of great importance for the 
repair of both subchondral bone and cartilage defects. 
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Figure Captions 
Fig. 1 Bone defect filling and autologous articular cartilage transplantation.  (A) The cartilage 
layer dissected from the removed tissues; (B) Schematic illustration of the defect filled with 
various filling materials and autologous cartilage transplant; (C) Photograph shows the surgical 
defects on knee surface with autologous cartilage transplant on top of the subchondral filling 
materials. 
Fig. 2 Subchondral scaffolds.   (A) HA/TCP scaffold; (B) SEM image of HA/TCP scaffold 
showing porous structures; (C) PLGA/HA-TCP dual-layered scaffold; (D) SEM image of  PLGA 
scaffolds on the top layer of PLGA/HA-TCP bilayered scaffolds. 
Fig. 3 Structural observation on harvested samples. (A-D) sample with PLGA/HA-TCP implant; 
(E-H) sample with HA-TCP implant; (I-L) sample with autologous bone implant. (A, E&I: 
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overview of defects; B, F&J: cross-sections of harvested samples; C, G&K: 3D µCT images of 
sample cross-sections; D, H&L: SEM images of sample cross-sections; on sample cross-section 
pictures, the defect area is located within the square outline; C: cartilage layer.)  
Fig. 4 Mechanical indentation test and relative stiffness of autologous cartilage transplant. (*: 
p<0.05) 
Fig. 5 Mechanical indentation test and relative stiffness of subchondral defect area and 
surrounding native bone. (*: p<0.05)  
Fig. 6 H&E staining (40×) on the cartilage transplant, cartilage transplant-native cartilage gap 
and subchondral bone defect area. (A-C) sample with PLGA/HA-TCP implant; (D-F) sample 
with HA-TCP implant; (G-I) sample with autologous bone implant. (A, D&G: cartilage 
transplant; B, E&H:  cartilage transplant-native cartilage gap; C, F&I:  subchondral bone defect 
area; C: cartilage transplant; arrows pointing to the gap). 
Fig. 7 Alcian blue and safranin O staining on harvest sample slices. A-C. Alcian blue staining 
showing chondrocytes in the transplants on top of the PLGA layer (A) synthesized less acid 
mucosubstances than the cells on the HA-TCP scaffold (B) or the autologous bone chips (C); D-
F. Safranin O staining images showing chondrocytes in the transplant on top of the PLGA layer 
(D) synthesized less glycol-amino-glycan (GAG) than the cells on the HA-TCP scaffold (E) or 
the autologous bone chips (F).  
Fig. 8 VEGF and ALP expressions in cartilage transplants. A-C. VEGF were more expressed in 
cartilage transplant on the PLGA layer (A) than the on the HA-TCP scaffold (B) or the 
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autologous bone chips (C); D-F. ALP were more expressed in cartilage transplant on the PLGA 
layer (D) than the on the HA-TCP scaffold (E) or the autologous bone chips (F). 
